Owing to the development of Internet of Things (IoT), the fifth-generation (5G) wireless communication is going to foresee a substantial increase of mobile traffic demand. Energy efficiency and spectral efficiency are the challenges in a 5G network. Non-orthogonal multiple access (NOMA) is a promising technique to increase the system efficiency by adaptive power control (PC) in a 5G network. This paper proposes an efficient PC scheme based on evolutionary game theory (EGT) model for uplink power-domain NOMA system. The proposed PC scheme allows users to adaptively adjusts their transmit power level in order to improve their payoffs or throughput which results in an increase of the system efficiency. In order to separate the user signals, a successive interference cancellation (SIC) receiver installed at the base station (BS) site. The simulation results demonstrate that the proposed EGT-based PC scheme outperforms the traditional game theory-based PC schemes and orthogonal multiple access (OMA) in terms of energy efficiency and spectral efficiency.
Introduction
Rapid development of Internet of Things (IoT) and mobile Internet has propelled 1000% data-traffic increase by 2020 [1] . As hand-held devices with low-power consumption and low cost are the need of the hour, there is a dire necessity of a power-efficient wireless system. Moreover, technologies that can mitigate or control inter-cell interferences need to be the focus of research. The fifth-generation (5G) systems are expected to support very higher data rates, massive connectivity, and energy efficient services [2] . To meet these targets, a non-orthogonal multiple access (NOMA) technique has been widely studied due to its enhanced spectral efficiency. In contrast to the conventional orthogonal multiple access schemes, the NOMA scheme can simultaneously serve multiple users by power domain multiplexing at the transmitter and successive interference cancellation (SIC) at the receiver [2] . Fig. 1 , shows the uplink NOMA with SIC receiver. For uplink NOMA, the key issue is that how the base station (BS) can split the composite power signals arriving from multiple users in the power domain. To employ a NOMA system, a specific power control (PC) scheme is required [2] . A game theory (GT) tool is one of the suitable candidates to solve the PC problems [3] . The evolutionary GT (EGT) is similar to traditional GT; however, the former theory focuses on the dynamics of the strategy adaptation in the population involved in the game. Initially, the EGT scheme was developed to explain the evolution of biological populations, it has recently been applied to wireless communications [4] [5] [6] showing better payoff and improved system performances. Thus we develop our motivation to use EGT based PC scheme in power domain NOMA systems. The related works in uplink NOMA and game theory domain are discussed in the following section.
Related Work
Many researchers have developed the GT-based PC models in various wireless communication systems. Ginde et al. [7] proposed a joint link adaptation and PC algorithm for a general packet radio service (GPRS) system, where a non-cooperative GT was applied to solve a multi-rate PC problem. Their presented GT-based PC scheme shows acceptable levels of interference to other co-channel links by adjusting the power and modulation levels. Long et al. [8] proposed a reinforcement learning-based PC algorithm for wireless ad hoc networks with repeated games. The authors presented that the learning dynamics in the repeated game eventually converges to pure Nash equilibrium (NE). Zappone et al. [9] developed a non-cooperative PC strategies for the uplink of relay-assisted DS/CDMA wireless networks by using game theoretic tools and discussed the existence and uniqueness of the NE. Li et al. [10] presented GT in the uplink PC problem of a WiMAX system, where co-channel users are game participants and their uplink power is used as a strategy to achieve NE. Panaousis et al. [11] presented power control scheme in a shared medium by using both cooperative and non-cooperative games. In a non-cooperative power control game, the author found the Nash equilibrium (NE) and in a cooperative game, they assumed a central entity called coordinator which announces the Nash bargain solution (NBS) to the access points (APs). In a CDMA system, an uplink power control scheme was presented by Alpcan et al. [12] by following the concept of non-cooperative game. That study demonstrated that there exists a unique Nash equilibrium (NE) in their framework. Kang et al. [23] presented a PC algorithm for machine type communications (MTC) in a NOMA network. They proposed a cost function which reflects the power consumption and singal-to-intereference-plus-noise ratio (SINR) for each device in a non-cooperative game model. Qian et al. [24] presented a NOMA system with an SIC receiver at the uplink side. A joint optimization of BS association and PC is explored to minimize the power consumption and maximize the system-wide utility. Sung and Fu [25] presented an uplink NOMA system with two cells and compared the NOMA with OMA. Several previous studies presented traditional game theoretic approaches to solve the PC problem in the specific network; relying on several assumptions that are not practical in the uplink NOMA system for 5G networks [7] [8] [9] [10] [11] [12] . In contrast to earlier work, this paper explores the effectiveness of adopting an EGT-based PC scheme for uplink NOMA in a 5G network. We also compare the proposed EGT-based PC approach with the traditional GT-based PC schemes.
Technical Contribution
1. We exploit the use of the GT approaches for uplink power control in a NOMA scheme for the 5G. The SIC receiver is proposed to be on the BS site for user signal separation. EGT based power control scheme allows the users to adjust their power levels adaptively in order to improve their own payoff (utility function) while achieving the satisfaction of other users through an evolutionary process. 2. Simulations are carried out in order to show the improved network performance under an evolutionary power controlled NOMA network.
The remainder of this paper is organized as follows. In Section 2, the overview of NOMA system is provided and our proposed EGT-based power control scheme for uplink NOMA is explained. In Section 3, we present our simulation results in comparison with state-of-the-art PC schemes. Section 4 draws conclusions and outlines directions of the further research.
Proposed Method
We consider a two cell uplink NOMA system, where K users simultaneously share the same uplink channel. Let k h denote the channel coefficient for the k th user. Then, the received signal at the BS can be expressed as follows (see Eq. (1)):
where k p and k s are the transmit power and the transmit message signal from the k th user, respectively. The variable w represents the additive white Gaussian noise (AWGN) with zero mean and 2  variance. For the simplicity of the practical implementation, the transmit power of users is assumed to be classified into N = 6 discrete levels. In order to split the diverse arrived power from users, an SIC receiver is employed at the BS which decodes the k th user signals considering the other signals as Gaussian interference. Fig. 1 shows an SIC receiver in an uplink NOMA system with two users.
EGT-based Power Control for Uplink NOMA
An EGT model consists of players, population, strategy, and payoff, i.e.,
where K is the number of simultaneous players (wireless system users) on a single channel, Ω is the population which refers to the set of players,  is the non-empty set of the strategies, and k u is the utility function of player k. In the uplink NOMA system, each user; who is a player of the game chooses a transmit power level in the range ], , [ max min p p where min p and max p are the pre-defined minimum and maximum power levels, respectively. Each player selects a single strategy from  in order to maximize its expected payoff, where the payoff is the utility function in a game theory model. The set of PC strategies expressed as follows (see Eq. (2)):
where n p is the selected power level of a user.
In our proposed game model, the utility function for player k is defined as throughput per transmit power of player k (see Eq. (3)).
where p n (k) is the transmit power level for user k and k R is the throughput of user k. In the uplink NOMA system, the SIC receiver decodes the users' signals in the descending order of the received power level. That is, the SIC receiver first decodes the strongest user's signal with interference and then decodes the next strongest user's signal after SIC using the decoded signals. To simplify the notation, we define the effective received power of user k as
. Let k′ be the ordered index of user k in the set of users listed in the descending order of their effective received power, k  . We define an order mapping function as
The effective received power at the BS listed in the descending order as shown in Eq. (4):
Assuming perfect SIC, the data rate of a player k can be expressed as shown in Eq. (5) .
where B is the bandwidth and
. The sum rate of the NOMA system is given by Eq.
In the EGT, a player reproduces (i.e., replicates) itself through the process of mutation and selection. A player with a higher payoff can replicate itself faster. The reproduction process takes place over time and therefore, can be modeled by using a set of ordinary differential equations called replicator dynamics (RD) [5] . Let x n be the selection probability that a player chooses the n th power level, where there are N = 6 possible power levels (i.e., there are N strategies for players). If the payoff of n th strategy is high as compared to the other strategies, the selection probability for n th strategy increases proportionally to the expected payoff. The selection probabilities of population, selection probability vectors where x 11 represents selection probability of user 1 with selected power level n = 1. Let n x  represent the variation of n x . The RD can be defined as follows (see Eq. (7)):
where )) ( ( t x n  is a risk control factor that can control the speed of convergence, 
where J(n, m) is the expected payoff for a player using n th strategy when it encounters a player with m th strategy and J(n, X) is the payoff a user with selected strategy n and encounters with rest of the players with a state set X. In Eq. (7) the control factor of ) ( n x  can be regarded as a risk control function. By using the expected utility theory, all players can be classified as either risk-averse or risk-seeking players, where risk-averse players do not necessarily maximize their utility in comparison with risk-seeking players. For player k with the transmit power of p n , if
, the player is regarded as a risk-averse player. By using a constant absolute risk utility function of the expected utility theory, the control factor of
is defined as follows (see Eq. (9) (9) where if the player is a risk-averse player, we set 
i.e., no player change its current strategy 8: Exit because the system has reached ESS 9: else 10: Update strategies 11: 
Simulation Results and Analysis
We evaluated the performance of the proposed EGT-based PC scheme under an uplink NOMA system in comparison with the approaches presented by Long et al. [8] , Ginde et al. [7] , Kang et al. [23] , and Sung et al. [25] . These schemes ( [7] [8] , [23, 25] ) were developed under different wireless network scenarios using different simulation parameters. For the simplicity however, we used the same simulation parameters for evaluating all the previous schemes with our proposed EGT-based PC algorithm.
For our implementation of the NOMA system, we assumed the number of users that simultaneously transmit at each subcarrier are limited to two. The subcarrier allocation is done by Global Objective Maximization (GOM) [19] , which allocates a subcarrier to the user that achieves the maximum increase in the throughput. Each user generates a fixed sized packet with a Poisson arrival distribution [14] and the service request is 285 Kbps. Users are uniformly distributed [15] in a cell with a radius of 389 meters and are selected according to the maximum rate scheduling [16] . The transmit power of each user is [15 dBm, 23 dBm] with N = 6 discrete levels. The total network bandwidth capacity is 15 Mbps and the noise power is -173 dBm/Hz. The radio channel follows a lognormal shadowing distribution with a mean of 0 dB and variance of 8 dB [8] . All the simulation parameters are summarized in Table 1 . In Fig. 2 , the energy efficiency of our approach in comparison with other PC schemes is presented, where the energy efficiency [17] is defined as the throughput per transmit energy (bps / J) (see Eq. (3)). The generated service request rate is termed as offered load (services/s).
As offered load increases, the energy efficiency initially increases due to the increase of the throughput and then decreases due to the excessive increase of the transmit energy. The proposed EGT-based PC outperforms state-of-the-art PC schemes [7] [8] 23] because the EGT-based PC algorithm adaptively adjusts the transmit power level of each user in order to maximize the utility function. The Fig. 3 presents the throughput per offered load [18] comparison of various PC schemes, where the throughput is defined as the number of accepted service requests in the system. Owing to the dynamics of the strategy adaptation, the EGT-based PC outperforms the traditional PC schemes [7] [8] 23] . The throughput improvement is about 10~25% by our approach when the offered load is 1.5. The proposed scheme is also compared with the state-of-the-art schemes [7-8, 23, 25] in terms of remaining energy ratio (RER) vs. generated service request rate (offered load). The term remaining energy ratio is defined as the ratio of current energy and maximum energy of the system which is 50 Joules. In Fig. 4 , we see that the proposed EGT-based PC scheme is more energy efficient when the offered network load increases from 0~3.5. At about 150% increase in the offered load, the RER of the proposed system is nearly 80% which is a significantaly better compared to 60~70% RER achieved by other apporaches. Fig. 5 shows the spectral efficiency with respect to the total number of users (Ω). The spectral efficiency of the proposed EGT-based PC scheme is compared with orthogonal frequency division multiple acces (OFDMA) [22] where proposed approach significantly outperforms in terms of improved spectral efficiency. At Ω = 50, the proposed EGT-based PC NOMA scheme achieves spectral efficiency of about 95%, while OFDMA achieves only 80% of the system upper bound. Fig. 6 . BER comparison of the proposed EGT-based PC scheme and OFDMA [22] Fig. 6 shows the bit error rate (BER) vs. E b /N 0 (energy per bit to noise power spectral density ratio) for the proposed EGT-based PC scheme and OFDMA [22] with the BPSK modulation. The number of sub-carriers are 50 and 15 KHz subcarrier spacing is used. As compared to OFDMA, our proposed approach shows a small BER at the same E b /N 0 . The BER curve shows that there is less interference among the users due to the adaptive power allocation by the proposed EGT-based PC scheme.
Conclusion
In this study, we presented an evolutionary game theory (EGT) based power control (PC) scheme in uplink NOMA for future 5G networks. In order to serve multiple users simultaneously by power domain multiplexing in the NOMA system, it is important to control the transmit power of the multiple users. We presented how an evolutionary game theoretic model can be adapted for the power-level selection by the individual users in the uplink NOMA system. This paper justified that an EGT-based PC is a good candidate to mitigate the interference between multiple users by adaptive PC. The simulation results show that the EGT-based PC scheme improves the energy efficiency, spectral efficiency, and system throughput compared to other power NOMA schemes and OFDMA.
Nomenclature

EGT:
Evolutionary Game Theory PC :
Power control NOMA :
Non-orthogonal Multiple Access OFDMA:
Orthogonal Frequency Division Multiple Access BS :
Base station B : Bandwidth of the system Y :
Received composite signal at the BS K :
No. of simultaneous users (or game players) N :
Total number of strategies or power levels w :
Additive white Gaussian Noise p k :
Transmitted power s k :
Transmitted signal Ω :
Population or representation of set of players  :
Non-empty set of strategies [p min , p max ] :
Minimum and maximum power levels R k (p) :
Throughput of player k or data rate :
Payoff of the individual user whose selected strategy is n
: Average payoff of the entire population J(n,m) :
Expected payoff of a player using strategy n and communicating with a player playing strategy m J(n,X) :
Expected payoff of a player using strategy n and state of other palyers is X
